A sample of 8000 interactions of 250 G eV/c tc+ and' K + mesons on Al and A u nuclei, is used to search for intermittency effects by calculating the nor malized factorial moments of order two to four. N o sig nificant effect is observed in the higher moments. Twobody rapidity correlations and Bose-Einstein correla tions in these interactions are presented.
Introduction
The possibility that particle production in multihadron final states may exhibit so-called " intermittent" behav iour was first put forward by Bialas and Peschanski [1] [2] [3] . They suggested to study the normalized factorial m o ments <ƒ;.) = ( n ( n -1)... (ni + l)>/<n£ > (1) of the multiplicity distribution, and in particular the de pendence of these moments on ¿y, a rapidity interval of decreasing size. Intermittency is observed when the factorial moments exhibit a power law behaviour <Fl>~(Sy)~fi with ƒ•> 0.
(2)
Intermittent behaviour of particle production is now claimed in all studied types of interactions, such as 1 E E C guest scientist 2 Onderzoeker I I K W , Brussels, Belgium, now at M P I, München 3 Bevoegdverklaard Navorser N F W O , Belgium 4 N o w at Syracuse University, Syracuse, N Y 13244-1130, U S A 5 Partially supported by grants from C P B P 01.06 and 01.09 e * e~, h~h , h -A and A -A interactions (for recent re views see [4] ) and recently in fi-p interactions [5] . Moreover, it is remarked that the effect seems to de crease with increasing complexity of the collision partners and with increasing complexity of the final state (larger multiplicity) [4] .
From the phenomenological point of view, attempts have been made to understand the experimental observa tions in various models, such as random cascade models [2] , jet models with a selfsimilar branching structure [6] , short-range correlation [7], clan structure [8] and Bose-Einstein correlations [9, 10] . Recently, a lot of attention has been paid to the connection between the ö y behav iour of the factorial moments on one hand and the nega tive binomial distribution, which describes well the parti cle multiplicity distributions, and the two-body rapidity correlations on the other hand [7b, 9, 11] .
In this work, we will search for intermittency effects in 250 G eV /c and K + collisions with Al and A u nu clei and study the two-body rapidity correlations. Sec tion 2 is devoted to a short description of the experimen tal aspects of the data. Results on factorial moments are presented in Sect. 3 and on rapidity correlations in Sect. 4. Bose-Einstein correlations are studied in Sect. 5 and a summary is given in Sect. 6.
Experimental data
The results presented here, are obtained with the europe an hybrid spectrometer (EHS), irradiated by a beam of 7i+ and K + mesons of 250 GeV/c momentum. A n Al and a A u foil are inserted in the rapid cycling bubble chamber (R C B C ), which serves as track detector with 4 n angular acceptance for all interactions in the foils. The experimental set-up, the minimum bias trigger and the selection criteria for the nuclear interactions, are de scribed in more detail in [12, 13] , The selection criteria aim at isolating a set of well measured and reconstructed inelastic interactions in either the Al or the A u target, thereby eliminating both quasi-elastic and coherent in teractions. Based on the same sample of events, results have previously been presented on multiplicity distribu tions [13, 14] and on inclusive charged particle distribu tions [15] .
The major features of the detector, used in this work, are:
the up-and downstream wire and drift chambers, as well as the multiceli device ISIS, for the measurement of charged particle tracks, • the H 2 bubble chamber which allows a precise deter mination of the charge multiplicity, as well as a measure ment of all tracks and identification of slow particles.
The events are selected on the basis of the following criteria :
• the incident particle is well measured in the bubble chamber and its track matches with hits in the upstream wire chamber; • the reconstructed vertex position is within one of the nuclear targets ; • the outgoing tracks are satisfactorily measured with an error on the momentum A p/p <0.25, the allowed m o mentum error is restricted to A p/p < 0 .0 4 for the study of Bose-Einstein correlations; the accepted loss of tracks, due to measurement or reconstruction problems, is at most one for charge multiplicity up to 10, and at most 2 0 % for higher multiplicities.
Electrons and positrons are identified up to piab 200 M e V /c and protons up to pIab 1.2 GeV/c, by visu al inspection of their ionization in the hydrogen of R C B C . These particles are not used in the subsequent analysis. A m o n g the accepted charged tracks remains a small admixture of unidentified electrons and positrons from ^-conversions in the foils. This admixture is estimat ed to be smaller than 2 % in the Al and smaller than 7 % in the A u sample. Since no statistically significant difference is observed for n + and K + induced interac tions, we use the combined sample of and K + col lisions with 4200 interactions on Al and 3700 on Au. The combined sample is denoted as M + Al and M + Au.
The rapidity j>=iln(.E+P||)/(£~P||) is calculated in the cm frame of the meson-nucleon system, i.e. y = y i!lb -y0 where j;0 = 3.14, both for the n + and the K + beam.
In order to search for intermittency effects, factorial moments must be calculated in small rapidity intervals 5y, down to approximately the resolution in y. W e there fore show in tween two particles is always smaller than 0.07, allowing us to use intervals of ôy down to ô y ~ 0.1. with nm the charge multiplicity in the m-th interval and <n> the average charge multiplicity in the choosen rapid ity interval; the vertical averaged scaled factorial mo- (5) whereby the considered rapidity interval Y is subdivided in M equal subintervals, each of size ò y -Y /M , The mul tiplicity is nm in bin m ( m = l ...M ) and the averages < ) are taken over all events in the sample. The first defini tion is also used for 7t+ / K + -p interactions at 250 GeV/c obtained in the same experiment and with the same mea surement and reconstruction procedures [16] . If nonstatistical, self similar fluctuations of many different sizes exist, the öy dependence of the factorial moments is ex pected [1, 2] to exhibit the power law behaviour (2), or equivalently <Fi) Y Vi 5 y with fi> 0 (6)
Factorial moments
in the limit <5y->0. Such behavior shows up as a linear rise of In <7^) versus -In < 5 y. A rapidity interval Y of 3 units (-2 < y < 1) is used, where the density of particles is almost constant* [15] . Tables la-ld and Fig. 2 show the factorial moments of order 2 to 4 for the M + Al (Fig. 2 a for horizontal, 2c for vertical averaging) and M + A u events ( Fig. 2b horizontal, 2d vertical averaging) as a function of the size öy of the subintervals. From this Fig. it is clear that the slope of InF¡ versus -ln öy varies continously with the latter quantity, until -ln<5j;ftí0.7. W e therefore fit the slopes in the interval 0.9 < -In ¿y <2.2 (0.4 ><5 y >0.1). The results of the fits are collected in Table 2 and given as full lines on Fig. 2 . The fitted slopes are small in all cases and are even negative for the fourth order. For comparison, we also show in Table 2 the fitted slopes for samples of Monte Carlo events with 20000 events per channel, generated according to the F R I T I O F model (version 3.0) [18] , and subjected to the same cuts as the experimental data (e.g. protons up to plab = 1.2 GeV/c are excluded from the sample, otherwise the pion mass is assigned). In all cases the slopes obtained from the Monte Carlo events are small. The factorial moments obtained with the F R I T I O F events are shown on Fig. 2 as dash-dotted curves. The predicted values for the moments in M + A1 interactions agree quite well with the experimental ones, both for horizontal and ver tical averaging, but the discrepancy is large for the A u nucleus.
Bushbeck and Lipa [19 a] and Bialas [19 b ] have not ed that the slope parameter f 2 decreases with increasing rapidity density dn/dy. Figure 3 shows this dependence ( In order to re-create the conditions of [20] , we limited the sample to events with charge multiplicity at least * If the density d n /d y varies, a correction factor should be intro duced [17] . The result of this correction factor in (ip interactions is a reduction of the slopes f { [5] 10 and fitted the moments in the interval l><5y>0.1. The slopes obtained for this reduced sample are given in Table 2 c. They show the same behaviour as the ones in the full sample. Comparing our results with the slopes found in p-Emulsion interactions at 200 and 800 G eV /c [20] , reproduced in Table 2d , we find that our slopes are considerably smaller. They are also considerably smaller than the slopes in M + p interactions from the same experimental set-up (see Table 2e ). W e are thus led to the conclusion that intermittency effects, as observed in the higher moments, are weak in positive meson induced interactions on Al and A u nuclei.
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A relationship exists between the factorial moments of order i, and the parametrization of the multiplicity distribution ( M D ) in terms of a negative binomial distri bution (N B D ). If the M D is described by the N B D with parameters ñ, the average multiplicity, and 1/fc, a mea sure of the width of the distribution, then the factorial moments can be expressed in the form Ft I è 4 (7) which implies that the higher order moments F3 i F4 i ... can be expressed in terms of the moment F2, with -/c = i*2 -1. In [14] we have shown that the M D 's of M Al and M + A u interactions are rather well represented by the N B D in restricted phase space intervals, separately in the forward and backward hemispheres. Figure 4 shows the factorial moments for the full sample with -2 < y < 1 (same data as in Fig. 2) , with F3 and F4 calcu lated from F2 according to (7) . The shape of the calculai-d n / d y Fig. 3 . Dependence of the slope f 2 on the rapidity density d n /d y ed F3 and F4 indeed follows closely the shape of the experimental data, but the calculated values rise above the experimental ones for small ô y, particularly for F4 . This can be caused by the truncation effect due to the limited statistics.
The limiting values of <F2> for the experimental data are 1.53 (1.52) for M + A\ horizontal (vertical) averaging, and 1.56 (1.52) for M + A u collisions, horizontal (vertical) 1 averaging, leading to values of -r=F2 -1 which are fully K compatible with the experimentally observed ones of 0.53 for M + A1 and 0.56 for M + A u interactions; however, we noticed that these NBD-fits are not of good quality.
Two-particle rapidity correlations
The two-particle correlation function in rapidity space has been extensively studied in hadron-hadron interac tions (see e.g. [21a] for a review and for references to the original papers and [21b] for recent data). M uch less attention has been paid to these correlations in hadron-nucleus interactions and no data exist for incident n + or K + mesons above 10 GeV/c. The review article of Fredriksson et al. [22] lists the publications with data from and p beams. The correlation function is defined as
In particular we will examine the function R (y , 0) at y2 = 0 for all charge combinations, i.e. charged-charged, positive-positive, negative-negative and positive-negative. Figure 5 (6) shows the correlation functions R(y, 0) for M + A 1 (M + Au) interactions for all four charge combi nations for the full data samples. The dash-dotted lines are derived from the F R I T I O F model [18] . The follow ing observations can be made:
# In contrast to hadron-hadron interactions, the corre lation function is not symmetric wrt y -0, but is larger in the backward cm hemisphere, as a result of multiple interactions of the projectile. • For each of the charge combinations, the correlation function is the same within errors for interactions on Al and on Au. • The value R ( y 1 = 0, y2 -0), tabulated in Table 3 , is of the same magnitude in meson-nucleus interactions as in h -p interactions at comparable energies [23, 24] . • The F R I T I O F model reproduces rather well the cor relations for M + A u interactions, with a minor underesti mation around y = 0. The shape of the correlation func tions is also quite well described for M + Al interactions, but the predicted values tend to be too large. In contrast to the data, the correlation values at fixed y decrease in the model with increasing atomic mass of the target nucleus.
It is well known (see [25] for a review and references to the original papers) that the inclusive two-particle correlations can be large and positive, even if no correla tion exists in the semi-inclusive data samples. Studying the variation of the correlation R(y, 0) as a function of ns, the multiplicity of shower particles, i.e. identified pro tons and electrons are excluded, we find that the large values of R (y, 0) are due to the mixing of different multip licities. In Fig. 7 ,\ : tiplicities only (Fig. 7a ), and either small or negative for average or large multiplicities (Fig, 7b-d) . The same ob servation can be made for M + A u interactions (Fig. 8) , where the correlations are systematically slightly larger than in M + A1 (compare Fig. 8 a with 7 Figs. 7 and 8) with the data, we notice that now the predictions are systematically low at small y, both for the A u and the Al data, in contrast to the full sample of M + A u (Fig. 6 ). W e are thus led to the conclusion that the rather good ägreement of F R I T I O F with the inclusive data is a coincidence.
Recently, D e Wolf [11] has pointed to the relation ship between the normalized factorial moment of order 2, and the two-body rapidity correlation for small öy: F2 = 1 + R(0, 0). The experimental values of R ( 0, 0) are given in Table 3 . Combining (7) for i = 2 and (9), we expect l/k = R{Oi 0). The averages of the values of 1/k, derived from F2 in the limit of small intervals of rapidity, are indeed com patible with the observed R Cc{®> 0) values.
Bose-Einstein correlations
The study of Bose-Einstein correlations has a long histo ry, but relatively few definite and unambiguous conclu sions could be drawn*. Recent reviews are given in [27] . In [28] , results were published on Bose-Einstein correla tions in K + p and n + p interactions at 250 GeV/c, derived from the same experiment with the same set-up as the present one, using two different parametrizations of the data. In the same paper the results are compared to earlier results at other energies and for other types of collisions.
* Already in 1968, Hagedorn and Ranft [26] stated that " The real significance and influence of the Bose-Einstein effect is still not understood". This statement is still valid, 22 years later. Hage dorn and Ranft added a quotation from R. Becker: " Gott schütze uns vor dem M ann, der eines Tages die vollständige Lösung prä sentiertM One considers the ratio of the distribution of a suit able variable for like-sign pions, to this distribution for a reference sample. The choice of the variable determines the form of the parametrization :
the Kopylov-Podgoretskii parametrization [29]:
R{Qt) -y [1 +4AJi2(^</T)/(^¿¡fT)2] (1 + S q T) (10) at small values of q0 = \Ex-E2\ , the energy difference of the two pions considered. The variable qT is the length of the component of the three-vector q = p1 -p2) trans verse to p1+ p 2; Jl is the first order Bessel function. The fit parameters are the normalization y, the correlation strength X, the spatial dimension in the cms of the pion source ß (with r -0.197 jSfm) and < 5, introduced to ac count for the slow variation of the background.
the Goldhaber parametrization [30] :
( Ö 2)-7Cl + Aexp(-iSß2)](l + 5 0 2)
with ß 2 = -{p\-Pi)2~M 2 -4m 2 where M is the invar iant mass of the pion pair and the fit parameters have the same meaning as in (10) The reference sample should be constructed in such a way that it has the same characteristics as the like pion sample, except for the Bose-Einstein correlations. Several possibilities exist. The two mostly used are the " unlike" sample and the " mixed" sample. The " unlike" sample is composed of all combinations of unlike charge within the same event and the " mixed" sample is constructed by combining pions from one event with pions of the same charge, randomly chosen in other events with ap proximately the same charge multiplicity. Since protons are identified only up to a momentum Piab-1.2 GeV/c, we expect some contamination of pro tons in the sample of positive pions, and thus also in the reference sample. Moreover, an appreciable number of photons, decay products of neutral pions, will convert into e~ e + pairs, due to the finite thickness of the nuclear targets. With the identification of electrons and positrons limited to plabae 200 M eV/c, the average number of unde tected electrons or positrons in the sample was estimated to be 1.05(0.16) per event in the Au(Al) sample. They contribute particularly to the region of small Q 2 and qT values, i.e. precisely in the region where the Bose-Einstein effect is expected to show up, and the unlike reference sample is therefore not suitable for study of Bose-Einstein correlations in nuclear targets. Figure 9 shows the ratio R (#r), obtained with the mixed reference sample, for positive and negative likepion combinations and both targets. In all plots of Fig. 9 , a significant enhancement is observed at small qT values. Fits according to formula (10) and for q0 ¿ 0 .2 G e V /c are superimposed. N o stable fit could be obtained for negative pairs in the Au-sample ( Fig. 9 c) . The fit parame ters are collected in Table 4 . The value of the radius r of the pion emission volume is considerably larger for negative than for positive pion combinations. This may be due to the contamination of the positive pion sample by unidentified fast protons, which reduce the signal (the " coherence" factor X is considerably smaller). Consider ing also M + p interactions [28] , from the same experi ment and treated in the same way, we observe a strong increase of the radius r with increasing atomic mass number A.
The above observation is in contradiction with results published by de Marzo et al. [31] , who found no A de pendence for both incident proton and p on proton and X e targets. The authors of [31] however used a reference sample constructed by randomly mixing the transverse momentum components of pions in each event and then recalculating the qT variable in the cm system. The con taminations of the positive pion sample mentioned above, i.e. unidentified protons with momentum above Fig. 8 , for the sample with 6^?ich< 2 0 plab= 6 0 0 M e V / c (their limit of identification), and posi trons (and electrons) from converted gammas, tend to decrease the Bose-Einstein effect and may in part explain the discrepancies. Moreover, in the appendix of [28] , we have shown by Monte Carlo generation that the method of reshuffling pT components leaves a " Bose-Einstein-like" correlation in the reference sample, be cause the longitudinal momentum components remain the same. With the selection criteria used, the event passing rate decreases approximately linearly with charged multiplic ity and the accepted loss of tracks (2 0 % ) may lead to a considerable number of tracks lost for high multiplicity events. W e therefore show in Fig. 10 the ratios R{qt ) for events with total charge multiplicity 6 ¿ n ch< 20 where the number of not well reconstructed tracks is at most three. Table 4 also gives the results of fitting (10) to this sample. The radii r are compatible within error for posi tive and for negative pion pairs; they still increase with A.
The Goldhaber parametrization (11) in terms of the variable Q 2, seems not adequate for h -A interactions, as appears from Fig, 11 where we plot (11) for X = 0.3, ¿ = 0, and r ranging from 0.5 fm to 2.5 fm. Extremely precise data are required to be able to distinguish be tween radii larger than about 1 fm. A different approach to Bose-Einstein correlations is advocated by Weiner [32] , based on quantum statistical considerations and assuming the particle fields to be a superposition of a chaotic and a coherent part. A chaoticity parameter p is introduced, being p < Mchaotic)/<XoiaiX and assuming a Gaussian form for the fields, he derives the correlation function where y is a " stationary" but not uniquely determined variable and r the conjugate " correlation length". This parametrization was used in [33] to fit data on pp and p p interactions at j/s = 53 and 63 GeV, using the rapidity difference and Q as variables. Figure 12 shows the two-body correlation for M + Al and M + A u collisions as a function of j^diff = l^i -yi\ f°r negative pion pairs with a mixed reference sample. The rapidity variable can be considered as a stationary vari able in the interval -1.8 < y < 1 where the density of negative pions varies by less than 3 0 % [15] . These distri butions are fitted with the form R (j'diff) = y (1 + 2p (1p) exp [-(ydiff)2 r2] + p2 exp [ -2 (ymt)2 r2]).
The results of the fits are collected in Table 5 . The corre lation length r is about one in meson-nucleus interac tions, to be compared to 1.6 in pp and pp interactions [33] . The chaoticity parameter p is only 0.06, implying that (13) is in practice reduced to a single gaussian term. This would imply that particle production happens al most exclusively in a coherent way.
Summary
Results are presented, based on 4200 n * /K + interactions on Al and 3700 on A u at an incident momentum of 250 GeV/c, measured with the european hybrid spec trometer. The main results are the following.
• The normalized factorial moments (4) F2 and F3 rise very slowly with decreasing interval öy and F4 is con stant or slowly decreasing. If intermittency is present at all, it is a very weak effect, particularly in the higher moments. • The two-particle rapidity correlation function R(y, 0) is the same for Al and A u , but different from that for elementary collisions: it is larger in the backward cm hemisphere. The F R I T I O F model reproduces rather well the inclusive correlation functions but not the semi-inclusive ones.
• Bose-Einstein correlations are observed, leading to ra dii of the pion emission volume of 2.3 fm (4.8 fm) in Al (Au) for events with charge multiplicity less than 20, with the Kopylov-Podgoretskii parametrization (10) . If the two-particle correlations are interpreted in terms of Weiner's quantum statistical model, we arrive at a chao ticity parameter of 0.06 and a correlation length of about one, much smaller than in pp collisions at i/s = 53 and 63 G eV .
